Pompe disease, Fabry disease, Gaucher disease, NiemannPick disease types A and B (NP A/B), 1 and Krabbe diseasearelysosomalstoragedisorders(LSDs)causedbydeficiencies of acid ␣-glucosidase (GAA, EC 3.2.1.20), acid ␣-galactosidase (GLA, EC 3.2.1.22), acid ␤-glucocerebrosidase (GBA, EC 3.2.1.45), acid sphingomyelinase (ASM, EC 3.1.4.12), and galactocerebrosidase (GALC, EC 3.2.1.46), respectively (1 ) . The availability of diseasespecific therapies and the possibility that early diagnosis may lead to improved patient outcomes have prompted several groups to develop methods to screen newborns for LSDs (2, 3 ) . Li et al. (3 ) developed a novel approach to determine GAA, GLA, GBA, ASM, and GALC activities in dried blood spots (DBS). The extractant from one 5-mm DBS was used in 5 concurrent individual enzymatic reactions, and the activities were measured simultaneously by tandem mass spectrometry (MS/MS). We optimized the assay method reported by Li et al., modifying the procedures for sample extraction, assay cocktail composition, sample clean-up, and MS/MS operation. We validated the assay by using samples from healthy individuals (adult and newborn) and samples from patients with LSDs.
The structures of the substrate (S) and internal standard (IS) for GAA, GLA, GBA, ASM, and GALC have been published (3 ). S and IS, individually and mixed at a fixed S:IS ratio, were manufactured by Genzyme Pharmaceuticals. The molar ratios of S:IS for GAA, GLA, GBA, ASM and GALC were 100, 500, 50, 50 and 150, respectively. The sources of chemicals and materials are in the Data Supplement that accompanies the online version of this Brief Communication at http:// www.clinchem.org/content/vol54/issue10.
Specimens from previously diagnosed patients (14 Pompe disease, 10 Krabbe disease, 13 Fabry disease, 13 Gaucher disease, and 10 NP A/B patients) were collected with the institutional research board-approved protocol after patients gave written informed consent. Specimens from 149 apparently healthy adults were purchased from ProMedDx LLC. The preparation and storage of DBS are summarized in the online Data Supplement. One hundred deidentified newborn DBS samples were obtained from the University Children's Hospital Vienna, Vienna, Austria.
During assay optimization, the S/IS stock solutions, assay buffers, and cocktails were prepared as previously reported (3 ). After optimization, we mixed the S and IS for each enzyme in a fixed molar ratio to simplify and standardize assay cocktail preparation. For the GAA assay cocktail, 1. The multiplex enzyme assay was adapted to a 96-well plate. Chloroform was replaced with ethyl acetate. The composition and volume of solvents used in liquid/liquid-and solid-phase extractions were modified. We used two 3.2-mm DBS punches instead of one 5-mm punch. One punch was incubated directly in the GALC assay cocktail, thereby eliminating the enzyme elution step. Complete details of the modified assay protocol are in the online Data Supplement. We monitored all analytes by using selected-reaction monitoring, rather than constant neutral loss or parent-ion scanning (3 ), with an API 4000 triple-quadrupole MS/MS (MDS Sciex). The enzyme activity of each sample was calculated from the ion abundance ratio of product to IS measured by MS. All enzyme activities were blank subtracted (details in the online Data Supplement). Ion suppression was effectively controlled, as demonstrated by the regression analysis of calibration curves collected during the validation study ( Table 1 in the online Data Supplement).
With use of the previously reported method (3 ), ASM activities measured in samples from adults and patients with NP A/B overlapped. Zn 2ϩ is required for optimal activity of both secreted and lysosomal ASMs (4) (5) (6) , which are deficient in NP A/B patients. We chose the 2 highest-activity NP A/B patient samples and 3 low-activity adult samples and monitored their activities with increasing concentrations of ZnCl 2 . ASM activities in the adult samples increased with ZnCl 2 , with maximal distinction between the normal and disease samples at 0.5-1.5 nmol/L ZnCl 2 .
The previously reported GALC assay gave high CVs attributable to low activity values, i.e., the minimum activity in an adult sample was 0.6 mol/h/L in whole blood. When we varied pH, S, taurocholate, and oleate concentrations, GALC activity increased in adult samples. The S concentration was increased 5-fold to 1 mmol/L (Supplemental Fig. 1 in the online Data Supplement). We determined that GALC activity was preserved by eluting samples directly into the GALC assay cocktail.
With the use of maltose or acarbose as an inhibitor of maltase glucoamylase, DBS can be used in the diagnosis of Pompe disease (3, 7 ) . With the fluorogenic substrate 4-methylumbelliferyl-␣-glucoside, acarbose concentrations of 3-9 mol/L are sufficient to inhibit maltase glucoamylase activity in the assay (8, 9 ) . We found that with the synthetic substrate in this assay, 8 mol/L acarbose provided sufficient inhibition of maltase glucoamylase and maintenance of GAA activity (Supplemental Fig. 2 in the online Data Supplement). To minimize the effect of detergent on the MS/MS, Triton X-100 was replaced by CHAPS, which is more effectively removed by solid-phase extraction and results in an increase in GAA activity.
To improve assay precision and facilitate assay automation, the GLA assay was modified to use a 15-L instead of a 2.5-L assay cocktail. Optimization of N-acetyl galactosamine, buffer, and detergent concentrations increased GLA activity and decreased assay variation. Changes to the GBA assay were limited to increasing the S concentration. The modifications of the 5 assays are summarized in Table 1 , and their comparison with the previous assay are summarized in Supplemental Table 2 in the online Data Supplement. The assay was validated according to the CLSI standard protocol (10 ) . For each enzyme assay, withinplate imprecision was calculated using 20 punches from 1 healthy adult sample and 1 corresponding patient sample. The within-plate CVs for the adult sample in the GAA, GLA, GBA, ASM, and GALC assays were 8.3%, 9.8%, 11.9%, 12.5%, and 5.8%, respectively, and for the disease sample were 10.1%, 24.8%, 24.8%, 23.1%, and 12.3%, respectively. Overall CVs in the GAA, GLA, GBA, ASM, and GALC assays were 7.5%, 14.0%, 11.7%, 13.7%, and 8.2%, respectively. The limits of the blank for the GAA, GLA, GBA, ASM, and GALC assay were 0.02, 0.09, 0.32, 0.25, and 0.02 mol/ h/L in whole blood, respectively. The limits of detection (defined as the 1.65 times the SD above the limits of the blank) of the GAA, GLA, GBA, ASM, and GALC assays were 0.15, 0.29, 0.50, 0.66, and 0.07 mol/h/L in whole blood, respectively. We verified that the GAA, GLA, GBA, ASM, and GALC assay results were linear in the range between the limits of detection and 7.2, 4.9, 5.3, 7.6 and 4.7 mol/h/L in whole blood, respectively. Analysis performed with assay cocktails stored for 14 days at 37°C, 30 days at 25°C and 45 days at 2-8°C resulted in measured activities that were within 20% of those for once-frozen assay solutions (Supplemental Figs. 2-5 in the online Data Supplement). The use of assay cocktails after 1, 2, and 3 freeze-thaw cycles resulted in enzyme activities within 20% of those measured in freshly prepared assay solutions (Supplemental Fig. 6 in the online Data Supplement). There was no detectable MS/MS carryover in the assay.
Each of the 5 modified enzyme assays in the multiplex format showed an unambiguous distinction between samples from healthy individuals (adult and newborn) and corresponding samples from patients with LSDs ( Fig. 1 and Supplemental Table 3 in the online Data Supplement). The median activities in samples from healthy adults (n ϭ 149) were increased 2-3-fold relative to the original method. In the GAA and GALC assays, the separation between normal and disease samples became even more pronounced, and the disease sample with the highest percentage of mean normal activity decreased from 15% to 5% and 19% to 15%, respectively. The limits of detection of each assay were at least 2-fold below the maximum observed disease activity.
The availability of S and IS premixed for each enzyme assay has simplified cocktail preparation. The modified assay proved to be reproducible and reliable for the differentiation of normal and disease-specific samples. Transfer of the high-throughput multiplex enzyme assay to newborn screening laboratories should be a straightforward process. NA, 149 normal adults; NB, 100 newborns; PD, 14 Pompe disease patients; GD, 13 Gaucher disease patients; NPD, 10 Niemann-Pick disease patients; FD, 13 Fabry disease patients; KD, 10 Krabbe disease patients; OL, patients with the other 4 LSDs; Wb, whole blood.
